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Trichloroacetic acid (TCA) is a phytotoxic substance
that, until the 1980s was used in the form of sodium
trichloroacetate (TCA-Na) as a herbicide in agriculture
and forestry. Since then it has been banned almost
everywhere in Europe and in many other countries in
the world. Although much has been learned about the
natural and anthropogenic sources of TCA over the past
few years, at present little is known about the harmful
effects of TCA and its atmospheric precursors (such as
tetrachloroethylene, PER) on wild and forest plant
species. Therefore experiments lasting a number of
years were carried out on pine trees (Pinus sylvestris L.)
and birch trees (Betula pendula Roth) with respect to
the chronic uptake of airborne PER via the air/leaf
pathway, the aim being to study the fate of PER and its
metabolisation into TCA. This work was augmented by
outdoor model experiments on pines about 10 years old
regarding the uptake of TCA-Na via the soil/root
pathway. Chlorophyll a fluorescence measurements on
needles and leaf material affected by TCA-Na and PER
indicated that the extent to which TCA influences
photochemical and biochemical mesophyll processes
varies depending on the entry pathway, the particular
part of the plant directly affected by TCA, and weather-
related factors. It was proven that TCA-Na applied via
the soil/root pathway moderately raises the vitality of
pine trees depending on the concentration involved,
despite high levels of TCA in the needles (up to 1 800µg
TCA kg–1 dry weight needles). By contrast, fumigating
pine trees and birch trees with PER led to the
accumulation of up to 70µg TCA kg–1 dw in the
assimilation organs and exacerbated the trees’
sensitivity to stressors. Although physiological activity
was initially stimulated, the effect of additional stress in
the form of an artificially induced drought caused PER-
affected birch trees, in particular, to sometimes undergo
sharp losses of vitality of as much as 58% compared to
the controls. One may thus expect that, future climate
changes accompanied by long periods of drought are
likely to exacerbate the ecotoxicological risk in regions
with high PER pollution, possibly resulting in the
vegetation in the terrestrial ecosystems of the areas
concerned being destabilised.
TCA is one of the strongest natural non-oxidising acids.
Owing to its acidity it is used in medicine and pharmacy for
the denaturation of proteins. Its almost pH-neutral Na-
trichloroacetate (TCA-Na) was used between 1950 and
about 1980 all over the world in agriculture and forestry as a
total herbicide to combat monocotyledonous weeds,
especially grasses such as couch-grass (Agropyrum
repens) (Brian 1976, Kurth 1963). It is from this period that
some details are known about TCA’s main phytotoxic effects
on crops. For example, Kurth (1963) reported that due to
TCA-Na’s low selectivity, the amounts recommended for the
elimination of grass (up to 150kg TCA-Na ha–1) could also
cause older trees (especially pines) to die off. Pfeiffer et al.
(1957) mentioned in Kurth (1963) that the preliminary
treatment of the soil with TCA increased the sensitivity of
peas and flax to hormonal herbicides (e.g. 2-methyl-4-
chlorophenoxyacetic acid, MCPA). Accordingly, pre-
treatment of the soil with TCA led to the formation of thinner
wax layers on the leaves of peas and flax and raised their
predisposition to other herbicides such as MCPA. Similar
findings are contained in Hock and Elstner (1995), who also
reported that peas growing on soil treated against couch-
grass with Na-TCA or Dalapon® (Na-2,2-dichloropropionate)
took up more Dinoseb® (6-(1-methyl-propyl)-2,4-dinitro-
phenol), a herbicide applied to combat one-year-old weeds
following the germination of peas, than control samples
growing on untreated soil. In connection with chemical weed
control for sugar beet (Beta vulgaris var. altissima L.), Kurth
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(1963) reported that herbicides based on chlorocarboxylic
acids may have a certain toxic effect on the beet depending
on the soil type and rainfall, reducing its sugar content. Beet
are especially likely to be harmed by this herbicide when
growing in light soil low in humus, as well as in response to
a dry spell in spring and early summer (Kurth 1961 in Kurth
1963).
The inhibitory effect of chloroacetates on photosystem II
(PS II) was described by Govindjee et al. (1997). By
investigating spinach thylakoids, they showed that
chloroacetates have a pronounced effect on QAQB reactions
of PS II. On measuring the (QA–) decay kinetics, they found
that the effect of up to 100mM chloroacetates (especially
TCA) was mainly localised in the electron transport chain
between QA and QB on the acceptor side, i.e. not in the PS I
or the donor side. Thermoluminescence investigations
confirmed that 100mM TCA– can block the electron flow
from QA– to QB.
An investigation of the physiological/biochemical basis of
the inhibitory effect of TCA on photosynthesis in Phaseolus
vulgaris (C3) and Zea mays (C4) under controlled conditions
by Strauss et al. (2004) showed that TCA affected Z. mays
more than P. vulgaris. In both species the main reason for
the reduction of photosynthesis proved to be mesophyll
limitation rather than stomatal limitation, possibly due to a
reduction in the supply of reducing power (Strauss et al.
2004). They could also demonstrate that the fluorescence
parameter most influenced was the conversion of excitation
energy to electron transport in the photosynthetic electron
transport chain, thus corroborating the findings of Govindjee
et al. (1997) about the chloroacetate-induced inhibition of
the electron flow between QA– and QB.
Franich and Wells (1980) reported that in Pinus radiata,
TCA-Na taken up through the soil/root pathway causes
changes to the lipogenesis (and also has other phytotoxic
effects), and hence influences the composition of the
epicuticular wax. Norokorpi and Frank (1993) investigated
the effect of TCA on birch trees (Betula pubescens)
depending on stand density. Sutinen et al. (1997) observed
an increase in nitrogen and potassium levels in pine needles
(Pinus sylvestris L.) following the chronic application of low
amounts of TCA.
In view of its many negative characteristics, using TCA
and its compounds and homologues as a herbicide is now
banned in the OECD states. Nevertheless, TCA can still be
detected all over the globe in various environmental
compartments (Weissflog et al. 2003a, 2001, additional
literature in Eurochlor 2002). Sources of TCA include natural
processes such as the reaction of humic substances with
chloride and H2O2 in forest soils (Hoekstra et al. 1999a) as
well as the conversion of precursors like PER (Folberth et al.
2003, Eurochlor 2002, Sidebottom and Franklin 1996,
Franklin 1994) and trichloroethene (TRI) in the atmosphere.
Furthermore, photo-oxidative stress may boost the
formation of active oxygen species such as 1O2, i.e. •OH,
•O2H in plants’ assimilation organs, especially the
chloroplasts. After being taken up into the chloroplasts, PER
may react with the radicals originating there to form for
example TCA and hydrochloric acid (HCl) (Weissflog et al.
2003b, Lange et al. 2003).
Hoekstra (1999) and Midgley and McCulloch (1999)
published details on the global production of C2-chlorinated
hydrocarbons, which are for instance important chemicals
used in various industrial processes. An overview of the
natural sources currently known is also contained in Fahimi
et al. (2003), Weissflog et al. (2004a, 2004b), Eurochlor
(2002) and Hoekstra (1999).
Observations of photosynthesis processes possibly being
influenced by highly volatile C2-CHCs (such as PER) and
TCA have been published by Frank and Frank (1986),
Sutinen et al. (1995), Weissflog et al. (2001, 2003b, 2004c),
Strauss et al. (2004) and Lange et al. (2003). The chronic
effects of PER on plants observed by Franzaring et al.
(2000) included reductions in the annual ring growth of
potted pines, spruces and beeches depending on the dose.
Lange et al. (2003) also reported growth losses of up to 21%
over a 26-month measuring period during investigations into
the annual ring growth of chronically PER-fumigated pines.
During continuing dendrological studies of the same test
trees, spring wood growth was reduced by 29% and autumn
wood by 52% in 2001 compared to control trees (Weissflog
et al. 2003b).
The phytotoxic effect of TCA, which is metabolised from
precursors in the assimilation organs, appears to be
exacerbated by simultaneous stressors such as dry spells.
For example, during experiments over a few years on PER-
fumigated pines, Lange et al. (2003) observed vitality to
decline by 18% between July and August 2001, and by 23%
between August and September 2002 when accompanied
by co-stress in the form of a dry spell. The vitality of birch
trees used in the model experiments was decreased by 65%
between 31 July and 15 August 2001 owing to the
cumulative effect of TCA and the additional shortage of
water (Weissflog et al. 2003b).
These findings beg the following questions:
• Is there a link between the TCA-levels detected in the
assimilation organs and the physiological effect on pri-
mary photochemical processes?
• Are phytophysiological effects caused by TCA species-
related?
• Is the TCA-uptake pathway (either the soil/root pathway or
air/leaf pathway) decisive for the physiological effect,
especially regarding the efficiency of photosynthesis?
• Could the weather or climatic changes exacerbate the
phytotoxic effects caused by TCA and hence increase the
ecotoxicological risk?
Materials and Methods
Cultivation and treatment of plants
Between April and October 2001, investigations were
performed on the uptake of TCA-Na via the soil/root pathway
by 10-year-old pines (Pinus sylvestris L.) in a test plot in the
area managed by the Taura Forestry Department in Saxony,
Germany, about 50km north-east of Leipzig (51°28’N
013°02’E; Experiment 1). 0.1g, 0.2g, 0.4g and 0.8g TCA-Na,
in each case dissolved in 10l water, was applied once on 11
April 2001 on two trees each per concentration (i.e. 10 trees
in total) over an area measuring about 1m2 around the stem
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base. The uptake of TCA-Na by the test plants and the
possible accumulation of TCA in the assimilation organs
were determined using one-year-old needles on a total of 15
sampling dates. The same needle material (i.e. the needle
tips) was also used to carry out chlorophyll a fluorescence
measurements in order to assess any physiological effects
by TCA.
Parallel to the TCA-Na outdoor applications, in the year
2000 two exposure chambers (one fumigated and one
control chamber) were set up at the same site in order to
study the chronic application of PER on pines and birches
during a model experiment (Experiment 2). The test
chambers (each with a volume of 50m3) were covered with
a special foil to block UV radiation and were set up around
the natural rejuvenated 10-year-old pines. The PER used
served as a model substance representing the relevant C2-
CHCs that can be taken up through the air/leaf pathway and
metabolised in the plant to TCA and HCl. The four pines in
the PER-application chamber were divided into two groups
depending on their position in the chamber and their
resulting exposure to light: in one group the pines were
exposed to the southeast ‘Light’ group while in the other the
pines were exposed to the northwest ‘Shade’ group. The
chambers also contained four approximately five-year-old
potted birches (Betula pendula Roth). Twelve-year-old pines
and five-year-old potted birches, near the exposure
chambers, served as control plants for the chamber/outdoor
effects on the species. PER was applied in the fumigation
chamber once a week in accordance with the fumigation
regime outlined in Table 1.
In order to detect any phytotoxic effects by TCA,
chlorophyll a fluorescence measurements were performed
again on leaf and needle samples.
The pines and birches in the exposure and reference
chambers were regularly watered during the study period
with the exception of weeknums 31–33, when watering was
interrupted to simulate a dry spell. The phytophysiological
investigations of the artificially induced stress caused by
drought were designed to provide information about the
possible additive effects resulting from the simultaneous
occurrence of a chemical stressor (PER, TCA) and a
physical stressor (drought).
In order to be able to diagnose seasonal influences of the
phytotoxic effect, the entire study period was divided into the
three periods Pre, Early and Late (Table 2). This enabled
both input pathways to be directly compared with regard to
TCA accumulation and the phytotoxic effect.
Chlorophyll a fluorescence measurement (JIP-test)
A Plant Efficiency Analyser (PEA, Hansatech, Kings’ Lynn,
UK) was used to measure chlorophyll fluorescence in the
test plants in order to assess their physiological status (vital-
ity). The methodology was similar to that employed by
Krüger et al. (1999) and Strauss (2002) for determining the
effect of TCA on pines and Clark et al. (2000) for assessing
the ozone-induced effects on beeches. Parallel to the sam-
pling of one-year old pine needles and current birch leaves
for TCA determination, needles and leaves of trees were
sampled and dark-adapted for at least one hour, whereupon
chlorophyll fluorescence was measured. The fast phase flu-
orescence transients were quantified by means of the JIP-
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Table 1: Fumigation chamber regime for the study periods 2000 and 2001 at measuring site Taura
Period Frequency of application Amount of PER applied Initial concentration in chamber atmosphere
20 June–11 October 2000 1 x per week 1ml 27mg PER m–3
3 June–21 December 2001 1.5 x per week 10ml 270mg PER m–3
Table 2: Subdivision of experiment, April–October 2001, into three study periods and number of individual measuring dates
Experiment 1 Pre Early Late
Application of TCA-Na via soil/root pathway Weeknums 2001 (from/to) 16–21 22–30 34–44
(pouring experiment)
Measuring dates 18.04.2001 30.05.2001 22.08.2001
25.04.2001 06.06.2001 18.09.2001
02.05.2001 13.06.2001 29.10.2001
08.05.2001 27.06.2001
16.05.2001 10.07.2001
22.05.2001 24.07.2001
Experiment 2 Pre Early Late
Application of PER via air/leaf pathway and TCA Weeknums 2001 (from/to) – 22–30 33–43
metabolisation (fumigation chamber experiment)
Measuring dates – 29.05.2001 15.08.2001
05.06.2001 22.08.2001
13.06.2001 12.10.2001
26.06.2001 23.10.2001
09.07.2001
25.07.2001
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test (Strasser and Strasser 1995) and Biolyzer software
(Maldonado-Rodriguez 2002). The JIP-test parameter used
to quantify the effect of TCA on the vitality of the pine nee-
dles and the birch leaves, was the so-called Performance
Index (PIABS). PIABS is a multiparametric expression, taking
into account the independent parameters contributing to
photosynthesis, namely absorption (RC/ABS), the quantum
efficiency of trapping (ϕPo / (1 – ϕPo)) and efficiency of con-
version of trapped excitation energy to electron transport
(ψo / (1 – ψo)) (Strasser et al. 1999).
The performance index is presented below on absorption
basis, PIABS: 
where γRC is the fraction of reaction centre chlorophylls
relative to the total chlorophyll: γRC = ChlRC / Chltotal. Since
Chltot = Chlantenna + ChlRC, we get: γRC / (1 – γRC) = ChlRC /
Chlantenna = RC/ABS.
The JIP-test, developed and tested both in the laboratory
and in several applications, is well accepted to provide a
detection, description and quantification of the dynamic
capacities of the photosynthetic sample, as they are
expressed by behaviour patterns provoked by stress. It has
been widely and successfully used for the investigation of
PS II behaviour in various photosynthetic organisms under
different stress conditions, which result in the establishment
of different physiological states, as well as for the study of
synergistic and antagonistic effects of different co-stres-
sors.
TCA determination
TCA decomposes, when heated for a long time, into CHCl3
and CO2 due to decarboxylation. The technique used for
TCA analysis is based on this thermal instability, namely
the GC/ headspace-technique described by Plümacher and
Dombrowski (1998), Plümacher (1995), Plümacher and
Schröder (1994) and Weissflog et al. (1999). Below, the
TCA-levels are reported based on the dry weight (dw) of
the corresponding sample and as ‘dw needles’ and ‘dw
leaves’.
Results and Discussion
Table 3 contains both time-related details of the TCA
concentrations measured in one-year-old pine needles
(needles formed in the year 2000) and the vitality values
(PIABS) resulting from the Chl a fluorescence measurements.
This enables a comparison of the leaf content and effect of
TCA entered directly by the soil/roof pathway and TCA
originating from the precursor, PER (with subsequent
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Table 3: Application of different concentrations of TCA-Na through the soil/root pathway and application of PER through the air/needle
pathway; analysed mean TCA-levels (µg TCA kg–1 dw needles) and mean vitality values (PIABS) in two/three study periods in 2001 respectively
Application of TCA-Na via soil/root pathway in a pine forest stand
TCA level (µg TCA kg–1 dw needle) Vitality — PIABS
TCA-Na Pre Early Late Pre Early Late Vitality change
(16–21)# (22–30) (34–44) (16–21) (22–30) (34–44) Late/Early (%)
0.0g 8 12 15 9.5 ± 2.92 13.8 ± 3.05 14.2 ± 2.50 +2.9
(n = 2 trees) (n = 176)# # (n = 180) (n = 90)
0.1g 28 66 30 9.6 ± 3.18 15.6 ± 3.73 18.0 ± 2.84 +15.2**
(n = 2 trees) (n = 180) (n = 180) (n = 90)
0.2g 47 73 175 10.0 ± 3.95 16.3 ± 3.30 15.3 ± 2.73 –6.4*
(n = 2 trees) (n = 180) (n = 180) (n = 90)
0.4g 172 424 542 8.1 ± 2.87 12.9 ± 3.69 14.6 ± 3.31 +13.5**
(n = 2 trees) (n = 180) (n = 180) (n = 90)
0.8g 444 1 158 1 802 8.6 ± 3.04 14.3 ± 3.61 16.1 ± 3.07 +12.4**
(n = 2 trees) (n = 180) (n = 180) (n = 89)
Application of PER via the air/needle pathway in fumigation chambers
TCA level(µg TCA kg–1 dw needles) Vitality — PIABS
TCA-Na Pre Early Late Pre Early Late Vitality change
(16–21) (22–30) (34–44) (16–21) (22–30) (34–44) Late/Early (%)
Control 5 4 – 12.0 ± 4.95 13.6 ± 2.96 +12.9**
(n = 2 trees) (n = 180) (n = 120)
Light – 17 63 – 11.7 ± 3.64 9.6 ± 3.59 –18.2**
(n = 2 trees) (n = 180) (n = 120)
Shade – 16 66 – 14.3 ± 4.42 13.3 ± 2.83 –6.7*
(n = 2 trees) (n = 180) (n = 120)
# Weeknum in 2001
## Number of Chl a fluorescence measurements taken into account
* Significant; level of significance α = 0.05
** Highly significant; level of significance α = 0.01
γRC ϕPο Ψο RC ϕPο Ψο
1 – γRC 1 – ϕPο 1 – Ψο ABS 1 – ϕPο 1 – Ψο
• • • •PIABS = =
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conversion to TCA) that entered the plants by the air/leaf
pathway.
It can be seen from Table 3 that with one exception (pines
treated with 0.1g TCA-Na), all the trees had the highest
TCA enrichment by the end of the vegetation period. The
TCA levels of the experimental groups 0.2g TCA-Na and
0.8g TCA-Na approximately doubled from Pre via Early to
Late. Vitality values, expressed by the multi-parametric
PIABS,  rose significantly in all the pines investigated with the
exception of the 0.2g TCA-Na group. Statistical analyses
(two-sided double t-test) revealed partially highly significant
(P = 0.01) vitality differences with respect to the Late period
(level of significance α = 0.01) between the untreated pines
(0.0g TCA-Na) and the different TCA-Na treatments.
Working with potted Zea mays (C4) and Phaseolus vulgaris
(C3), Strauss et al. (2004) also reported a slight increase in
photosynthesis and vitality (PIABS) compared to central
plants, three days after a single application of 0.05g TCA-
Na m–2 to the soil.
By contrast, a completely different picture emerged for the
PER-fumigated pines (Table 3). Although once again the
accumulation of TCA was found (increasing about threefold
from Early to Late), vitality declined significantly. Differences
were observed between the trees in the Light and Shade
groups. Owing to exposure in the fumigation chamber, the
trees in the Light group were subjected to more ultraviolet
and infrared radiation (leading to higher surface
temperatures) on needles exposed to the sun and probably
higher oxidative stress metabolism. As a result, chemical
stress (caused by metabolically formed TCA) acting at the
same time as physical stressors, appeared to have an
additive effect, leading in the Late period to greater vitality
reductions in the Light group, compared to the neighbouring
Shade trees. Studies by Frank and Frank (1985) showed
that PER-fumigation in combination with sunlight (especially
UV) only led to chlorophyll fading on the twigs of a 10-year-
old Serbian spruce (Picea omorika) that were exposed to the
sun. The needles exposed to light on a study tree in
southern Germany at an altitude of 620m above sea-level,
exhibited high losses of chlorophyll and were discoloured
(yellow or brown), whereas the needles exposed in the
shade were green.
In Figure 1, selected fluorescence parameters from two
measuring periods of Scots pines in a chamber not treated
with PER (control) are compared with corresponding
untreated Scots pines in a nearby forest stand (outside the
chamber). The idea was to establish the degree to which the
chamber influenced the investigated pines and the
measuring site, and to see whether there were any seasonal
differences between the physiological activity of indoor and
outdoor plants.
It can be seen from Figure 1 that during the Early period,
the needles from the chamber pines show a decrease in
phenomenological energy fluxes (per CSm) regarding ABS,
TR and ET and lower vitality (PICSm) compared to the trees
outdoors. However, as the needles age (Late period), the
small differences in vitality are almost eliminated (cf. Table
3). All in all, the differences in fluorescence patterns of the
pines growing inside and outside the exposure chambers
were very minor.
To sum up, during the course of Experiment 1, the highly
soluble TCA-Na at a neutral pH that was taken up via the
soil/root pathway was transported by the transpiration
stream into the twigs and then deposited in the needles from
various years. Owing to the slight change in the vitality of the
experimental plants (Table 3) despite the high TCA-
concentrations in the pine needles, it can be assumed that
the TCA formed naturally in the soil according to Hoekstra et
al. (1998, 1999a, 1999b), Juuti (1997) and Keppler et al.
(2000) is part of the plant’s natural environment and that in
its natural concentration range it does not cause any
damage when taken up through the soil root pathway but
indeed stimulates the metabolism. It can therefore also be
assumed that TCA formed under natural conditions in the
soil causes currently unknown biological effects both in the
area of the rhizosphere and after being taken up through the
plant and its ‘harmless’ deposition in the organelles of plant
cells of the leaves/needles (acting as an ecomone). Such
effects include the special positive influences of small
amounts of TCA on the symbiotic partners mycorrhizal
fungus/plant and antiparasitic effects on needle-eating and
needle-sucking insects. It is known from microbiology that in
slightly acidic soil, fungi grow better than bacteria that
display maximum growth at a pH > 6. It is therefore assumed
that the TCA synthesised and released in the form of
strongly dissociated acid by symbiontic mycorrhizal fungi of
the ectomycorrhizal type (especially basidio-mycetes),
somewhat reduce the pH of the soil in the immediate
environment of the mycorrhiza, hence improving the growth



	














	 !"#
	 !$!

%


Figure 1: Spider plot showing selected JIP-test parameters of
untreated Scots pine needles (fumigation chamber) of the study
periods Early (weeknums 22–30, 2001, n = 180 Chl a fluorescence
measurements) and Late (weeknums 33–43, 2001, n = 120 Chl a
fluorescence measurements) compared to corresponding outdoor
samples (mean from Early study period where n = 180 and mean
from Late study period where n = 90 Chl a fluorescence measure-
ments)
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of the fungus mycelium and protecting the associated
microflora from phytopathological organisms. However, this
reduction in pH also leads to the increased mobilisation of
the bioelements and nutrients in the soil, and hence to the
possibility of greater uptake through the roots.
Ectomycorrhizal fungi are more significant than the other
species of mycorrhiza regarding the supply of mineral
matter, phosphorus and nitrogen, especially for forest trees
(Larcher 2001).
Judging by its dissociation constant (Table 4), the TCA
formed in the phytosphere is the most strongly dissociated
organic acid. TCA is one of the most stable of the organic
acids occurring in the plant metabolism in the face of
metabolisation and in connection with microbial
decomposition in the soil. Under undisturbed conditions, the
following organic acids (along with a few others not listed)
play an outstanding role during the complex biochemical
metabolisation process in the plant cell (Table 4).
The protons from the first stage of the dissociation of malic
acid (H+) and the malate anion are responsible for the
increase in osmotic pressure in the cell (Lüttge et al. 1999).
The release and enrichment of protons in the cell wall is an
extremely important process for the elongation growth of the
plant cell (cell elongation). Owing to the chemical reactions
dependent on acidification, the cell wall becomes elastic
under the pressure of the turgor (a process known as acid
growth).
The phytohormone ethylene in the chloroplasts can react
in the same way as PER and TRI with reactive oxygen
species. In the case of the ethylene reaction, the oxidation
product is acetic acid. However, this substance has a
dissociation constant of only about 1.76 • 10–5. This makes it
one of the weak acids and therefore under the experimental
conditions here it only played a small part in the
development of the H+-concentration in the plant cell. The
acetate anion is returned to the carbohydrate metabolism of
the plant via the citric acid cycle. It is therefore
understandable that owing to the oxidation of PER in the
chloroplasts to form, for example, TCA and HCl, even very
tiny amounts of the substance can cause changes to the
normal physiological, biochemical and biophysical
processes taking place in the plant cell due to their
dissociation constants of 2.00 • 10–1 and 1.00 • 106. We can
thus suppose that if TRI follows the same degradation
pathway in the chloroplasts, this or similar phytotoxic effects
(albeit weaker) could occur. A mixture of trichloroacetic and
dichloroacetic acid and a smaller quantity of HCl arise than
in the degradation of PER. The substances TCA and HCl
formed on the oxidative pathway in the chloroplasts from
PER constitute chemical stress factors. Owing to non-
physiologically increased concentrations of protons and
trichloroacetate ions inside the thylakoid, they may lead to
the partial suppression of energy generation. Given the
additional proton formation, uncoupling may occur resulting
in the proton pump (thylakoid interior → stroma) functioning
inadequately (if at all), ATP-formation ultimately being
retarded due to the lack of proton gradients. These effects
were described by Lichtenthaler and Buschmann (1984) in
connection with the discussion regarding the links between
photosynthesis and the dying-off of trees.
Below, based on the fluorescent kinetics (mean curves) of
PER-fumigated and untreated pine needles in exposure
chambers, apart from the above-discussed effect on the
PIABS (Table 3), other phytophysiological effects are to be
addressed by studying differences between the Early and
Late periods. For this purpose, the corresponding
fluorescence induction kinetics of PER-fumigated pine
needles in the Early period (Stress — Early) and in the Late
period (Stress — Late) are compared with their respective
controls (Contr — Early and Contr — Late) in Figure 2.
Figure 3 shows the four fluorescence kinetics already
featured in Figure 2 (each normalised to the time markers
0.05ms and 1 000ms) as well as the differences resulting
after subtraction (differential curves) between the PER-
fumigated needle samples and the respective controls (both
Early and Late). Based on the four mean curves, Figure 4
shows the changes to the fluorescence kinetics of PER-
influenced and untreated pine needles with increasing age.
The corresponding differences between the Stress curves
are shown in the insert for the period 0.05–2.0ms
(normalised for single turnover reactions).
It can be seen from Figure 2 that the shapes of the
fluorescence kinetics of Stress and Control — referring to
the Early and Late periods — are very similar. Only after
normalisation (Figure 3) do pronounced seasonal
differences between PER-fumigated and unaffected pine
needles emerge. The orange differential curve shown in
Figure 3 (i.e. Stress minus Control in Early) contains a
negative L-band (100–300µs), meaning that the sigmoidicity
of the fluorescence induction-curve increases. This indicates
a rise in the co-operativity (increase in the energetic
grouping between photosynthesis units) and a rise in the
yield of the primary photochemistry. By contrast, the red
differential curve (Stress — Late) shows a sharp increase at
2.0ms (J-band), which can be attributed to the reduced
efficiency of the dark reactions (reduction of PSIo =
ETo/TRo). In addition, the K-band (300–500µs) also
increases. This indicates the partial deactivation of the
water-splitting system (or OEC — oxygen evolving
Table 4: Acid constants [mol • l–1] of significant halogenated
carboxylic acids, inorganic acids and biochemically important
organic acids occurring naturally in the plant cell
Acid Dissociation stage Dissociation constant
Monochloroacetic acid – 1.40 • 10–3
Dichloroacetic acid – 3.32 • 10–2
Trichloroacetic acid – 2.00 • 10–1
2-chlorpropionic acid – 1.47 • 10–3
3-chlorpropionic acid – 1.04 • 10–4
Bromoacetic acid – 2.05 • 10–3
Hydrochloric acid – 1.00 • 107
Sulphuric acid I 1.00 • 103
Sulphurous acid I 1.54 • 10–2
II 9.10 • 10–8
Oxalic acid I 5.90 • 10–2
II 6.40 • 10–5
Malic acid I 3.80 • 10–4
II 7.40 • 10–6
Acetic acid – 1.76 • 10–5
Water – 1.80 • 10–16
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complex). The differential curves shown in Figure 4 (green =
Contr — Late; red = Stress — Late) illustrate the growth and
development of pine needles with and without the effect of
PER-fumigation. Compared to the younger needles (Contr
— Early), the differential curve of the older needles
unaffected by PER-fumigation (Contr — Late) shows a slight
decrease in the energetic grouping (with the L-band
increasing) and the reduction of the K- and J-bands.
However, the K-band increases relative to Vj (see insert of
Figure 4), indicating decreasing water-splitting and more
efficient dark reactions. Older stressed needles (red
differential curve, Stress — Late) show an increase in the K-
band, indicating the reduced efficiency of water-splitting.
This is also apparent in the insert (normalisation for single
turnover reactions). Moreover, the clearly discernible
positive L-band (at about 200µs) of the Stress — Late
kinetics in the insert of Figure 4 can be interpreted as de-
grouping (the decoupling of energetic photosynthesis units).
All in all, the PER-fumigated pines become more sensitive to
stress as they grow older, while the conifer needles in the
control are getting a higher fitness. The spider plot in Figure
5 shows differences among a few selected fluorescence
parameters of fumigated pine needles compared to the
corresponding controls between Early and Late.
It can be seen from Figure 5 that the PER-fumigated pines
exhibit significant seasonal differences regarding primary
photochemical processes. The corresponding fluorescence
parameters of the PER-fumigated pines are very similar to
the controls during the Early period, while the small increase
in PIABS (cf. Table 3) actually indicates that the physiological
activity is stimulated. By contrast, clear differences can be
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Figure 2: Fluorescence kinetics (mean curves) of chronically PER-
fumigated and untreated pine needles in exposure chambers in the
study periods Late (weeknums 33–43, 2001) and Early (weeknums
22–30, 2001); the mean curves Contr — Early (pale green) contains
n = 180, Contr — Late (dark green) n = 120, Stress — Early
(orange) n = 360 and Stress — Late (red) n = 240 Chl a fluores-
cence measurements
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Figure 3: Normalisation plot of chronically PER-fumigated and
untreated Scots pine needles from the study periods Early (week-
nums 22–30, 2001) and Late (weeknums 33–43, 2001); the mean
curve Contr — Early (pale green) contains n = 180, Contr — Late
(dark green) n = 120, Stress — Early (orange) n = 360 and Stress
— Late (red) n = 240 Chl a fluorescence measurements. The plot
shows both the normalised fluorescence kinetics at 0.05 and
1 000ms for the Early and Late periods and the related ∆ fluores-
cence curves in 40x amplification (deviation between stress curves
and corresponding control curves, each offset to 0.7 in the y-axis)
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Figure 4: Normalisation plot showing Scots pine needles chronical-
ly fumigated in exposure chambers and untreated Scots pine nee-
dles from the Late study period (weeknums 33–43, 2001) compared
to Early (weeknums 22–30, 2001); the mean curve Contr — Early
(pale green) contains n = 180 Chl a fluorescence measurements,
Contr — Late (dark green) n = 120, Stress — Early (orange) n = 360
and Stress — Late (red) n = 240. The plot shows both the nor-
malised fluorescence kinetics at 0.05ms and 1 000ms of PER-fumi-
gated and untreated Scots pine needles for the Early and Late peri-
ods and the related? fluorescence curves in 20x amplification (dif-
ference of Late fluorescence kinetics (red = stress; green = control)
from the corresponding Early curves, each offset to 0.7 in the y-
axis). Insert: Focus on the period 0.05–2ms; difference shown with
5x amplification between Late kinetics (red = stress, green = con-
trol) and the corresponding Early fluorescence curves
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seen between the PER-fumigated plants in fumigation
chambers and the controls in the Late period. The stress
diagnosed in the PER-fumigated pines in the Late period is
expressed for example in a decrease in both the quantity of
antenna chlorophyll per leaf area (ABS/CSm) and the
density of active reactions centres per antenna chlorophyll
(RC/ABS). By contrast, the density of antenna chlorophyll
per active reaction centre increases (ABS/RC). This is in
turn connected to a decrease in the density of active RCs
per leaf area (RC/CSm), i.e. photosynthetic units fail (a
process known as ‘digitally switching’). As a result, visible
vitality losses occur (reduction of PIABS and PICSm).
Figure 6 compares the Late period with the Early period
regarding the seasonal changes to the fluorescence
parameters of pine needles differently influenced by TCA-
Na.
One striking feature of Figure 6 is that in the Late period,
the 0.1g TCA-Na, 0.4g TCA-Na and 0.8g TCA-Na groups
display almost identical patterns of the vitality parameters
PICSm and PIABS, the specific fluxes (related to a reaction
centre, RC), phenomenological energy flows (related to a
cross-section, CSm) and the other parameters, despite the
very different levels of TCA in the needles (30, 749, 1 802µg
TCA kg–1 dw needles). The increase in the efficiency of
electron transport (PSIo / (1 – PSIo)) towards the end of the
vegetation period is especially obvious. As can already be
seen from Table 3, the 0.2g TCA-Na group is an exception
in this respect, the reference trees (0.0g — Late) indicating
only small seasonally related changes.
In Figure 7, the parameters of needles from a pine treated
with 0.1g TCA-Na and a PER-fumigated pine are compared
to the corresponding means of control trees for the Late
period.
The samples taken from the pines influenced by TCA-Na
and PER contain similar quantities of TCA (41 and 67µg
TCA kg–1 dw needles). The measuring results confirm that
the vitality parameters of the pine trees treated with 0.1g
TCA-Na (Figure 7) underwent an especially sharp increase
(e.g. PICSm rose by nearly 20%). On the other hand, the
physiological activity (especially photosynthesis efficiency)
in the needles from the PER-affected pines was below that
of the controls. For example, the vitality indexes PICSm and
PIABS were down by as much as about 60% and 49%,
respectively. The phenomenological energy fluxes (per
CSm) were also reduced during the Late period with respect
to the control trees. It is hence evident that the pines’
physiological reaction to similar TCA levels was different.
The assimilation organs of pines growing outdoors in a
forest stand treated with 0.1g TCA-Na are characterised by
a stimulation of primary photochemical processes. By
contrast, the PER-exposed pines in the fumigation chamber
displayed negative chronic effects expressed, for example,
in vitality and electron transport losses. The main reason for
the reduction in vitality of the pines exposed to PER-
fumigation in the chambers is thought to be the artificially
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Figure 5: Spider plot showing some of the important JIP-test
parameters; comparison of corresponding means [%] of Scots pine
needles chronically fumigated with PER in fumigation chambers
(Stress — Early = orange) of the Early study period (weeknums
22–30, 2001) and PER-fumigated pine needles (Stress — Late =
red) of the Late study period (33–43, 2001) compared to the control
(control = green); control = 100%
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Figure 6: Mean JIP-test values [%] of needles from Scots pines
treated with different levels of TCA-Na (one-off application of
0.1g/0.2g/0.4g/0.8g TCA-Na and 0.0g TCA-Na (control) via the
soil/root pathway on 11 April 2001); Late study period (weeknums
34–44, 2001) compared to the corresponding values in the Early
period (weeknums 22–30, 2001); each value shown in Early corre-
sponds to 100%. The Early study period comprises for each appli-
cation variant n = 180 Chl a fluorescence measurements of needles
from two trees each on six sampling dates; the Late study period
contains for each application variant n = 90 Chl a fluorescence
measurements (except for the 0.8g group — n = 89) of needles
from two trees each on three sampling dates
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induced drought between weeknums 31–33, 2001 (i.e. at
the beginning of the Late period). The co-stress additionally
affecting the pines as a result of the induced dry spell,
appears to cancel out the initially stimulatory effect of PER,
resulting in negative effects.
The same was observed for the birch trees. Figure 8
compares the vitality of birch leaves using sampling dates
for the groups ‘Birch + PER’ (fumigation chamber), ‘Birch
without PER’ (reference chamber) and ‘Birch’ (outdoors), the
vitality of outdoor birches unaffected by PER being set at
100%. The graph also shows the quantity of TCA formed
metabolically.
It can be seen from Figure 8 that the birches in the
reference chamber displayed much better vitality than the
outdoor birches from the start of the period considered here
(mid-June) until week 7 after the application of PER. The
birches affected by PER proved to be more strongly
stimulated than the plants in the control chamber (maximum
in week 5; ‘Birch + PER’: PIABS about 55%, ‘Birch without
PER’: PIABS about 32% higher than outdoor plants). In week
9, the vitality level of both groups of plants existing under
chamber conditions declined, the birches undergoing PER-
fumigation exhibiting 64% less vitality in week 11 (mid-
August) than the control plants outdoors. Although the
birches unaffected by PER in the reference chamber also
showed reduced PIABS-values, the loss was much less
(compared to the outdoor birches), being down by just 13%.
The increased losses of vitality under the influence of PER
in birches (Figure 8) are partly attributed to the fact that the
TCA formed in the chloroplasts affects the function of the
stomata and hence results in higher transpiration. Our
deduction is based on the findings of Strauss (2002) in
comparable experiments on maize (Zea mays), showing that
TCA treatment increased the stomatal conductance to CO2
and decreased the stomatal limitation to CO2 assimilation.
Lange et al. (2003) and Weissflog et al. (2003b) showed
that the dynamics of phytophysiological effects with an
eustress or a distress phase which only occurs with the
combination of PER-fumigation (under the conditions used
here with corresponding application quantities) and
additional stressors such as drought are very similar to the
general concept of stress described in the literature (Beck
and Lüttge 1990, Lüttge et al. 1999). Hence the artificially
induced dry period acts as a ‘trigger’ for the phytotoxic
effects measured.
Figure 9 contains multi-parameter depictions of
fluorescence parameters measured before, during (in
weeknum 33, mid-August) and after the occurrence of
dryness stress on both PER-fumigated birches and pines.
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Figure 7: Fluorescence parameters of needles (n = 45) of a Scots
pine treated with 0.1g TCA-Na (Pinus + 0.1g TCA-Na, application
via the soil/root pathway) and of needles (n = 60) of a chronically
PER-fumigated chamber Scots pine (Pinus + PER, fumigation via
the air/needle pathway) compared to controls — depiction of corre-
sponding means [%] for the Late study period (in Pinus + 0.1g TCA-
Na weeknums 34–44, 2001; in Pinus + PER weeknums 33–43,
2001). The mean TCA-level measured in the Late period for the
needle sample Pinus + 0.1g TCA-Na was 41µg TCA kg–1 dw nee-
dles (mean of n = 3 samples), that for the needle sample Pinus +
PER was 67µg TCA kg–1 dw needles (n = 4 samples), i.e. ecotoxi-
cologically compatible TCA-needle concentrations
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Figure 8: Mean vitality values of leaves of chronically PER-fumi-
gated birches (n = 4) and reference plants (n = 4) in chambers com-
pared to outdoor plants (n = 4) — shown for the study period week-
nums 24–33, 2001 (start of PER application: 3 June 2001) and
analysed TCA-level in birch leaves [µg TCA kg–1 dw leaves]; 40
measurements of the group considered for each measuring date
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These graphs ought to enable the species to be compared
with respect to the effect on the primary photochemistry.
Regarding the birches fumigated with PER in chambers
(Figure 9, right-hand graph), it is evident that during the
experimental drought phase (weeknum 33), effects are
particularly to be observed on the electron transport system.
For example, the flux rates connected with electron
transport (PHI(E0) and PSI0 as well as PSI0 / 1 – PSI0,
representing the efficiency with which a trapped exciton can
move an electron to the electron transport chain) of the
PER-influenced birch leaves are lower than those of the
controls. Fumigation with PER and the subsequent build-up
of TCA led to an increase in the losses in electron transport
(e.g. 38% PSIo decrease from weeknum 31 to weeknum 33
compared to the corresponding control) and hence to a
sharp reduction in vitality (in weeknum 33: PIABS: –58%;
PICSm: –72%). However, the vitality reductions shown in
Figure 9 (right-hand graph) are still effects that can be
regulated, since two weeks later compensation was to be
observed in the form of an increase in physiological activity.
In the PER-fumigated pines in chambers (Figure 9, left-
hand spider plot), above all losses in both vitality (PIABS:
–36%; PICSm: –39%) and the phenomenological energy
fluxes (e.g. ETo/CSm: –14%) are to be observed during the
highest level of drought and heat stress (weeknum 33)
compared to the controls. All in all, the acute phytotoxic
effects observed in the pines are much lower than in the
birches. This can be attributed to the pine needles’
xeromorphic characteristics, especially the fact that the
pine’s morphology is adapted to dry periods (for example,
pine needles are better protected from drying out thanks to
their epicuticular wax). Birches have a higher transpiration
rate than pines: Polster (1950) reports in Lyr et al. (1992) an
average diurnal sum of transpiration of 8.48g H2O pro dm2
leaf area for birches, but just 3.42g for pines.
In October 2002, needles from 2001 and 2002 were taken
again from the chamber pines (Lange et al. 2002,
unpublished). These materials formed the basis for Chl a
fluorescence measurements and chemical analysis
(determination of the levels of PER and TCA). In addition,
biomarkers were determined using the same needle
material in order to establish whether correlations existed
between the fluorescence parameters measured and the
biomarkers in the context of the effect diagnosis of TCA-
induced stress. It was found that primarily the younger
needles of TCA-affected pines are more sensitive to stress.
The biochemical investigations revealed that the PER-
affected trees had lower levels of total chlorophyll (16%
reduction) and significantly higher starch levels (132%
increase) compared to the controls. The Chl a fluorescence
measurements indicated the disengagement of the OEC-
system (from PS II), lower pool sizes of the electron-
transferring systems (lower CSm), and all in all lower
phenomenological energy fluxes. However, it is not clear
whether this process is only temporary or even irreversible.
Both the JIP-tests and the biomarker tests indicate surplus
product retardation, i.e. towards the end of the vegetation
period starch is no longer transported into the storage
organs. This is probably connected to the fact that energy
fluxes occurred at an early stage (see Figure 5; reduction of
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Figure 9: Selected fluorescence parameters (means) of assimilation organs of chronically PER-fumigated Scots pines in fumigation cham-
bers (shown on the left) and birches (right) compared to controls before (weeknum 31), during (weeknum 33) and after (weeknum 35) a dry
spell in 2001
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phenomenological fluxes). The increased starch
accumulation in the needles also leads to the reduced
synthesis of chlorophyll a and b as well as light-harvesting
units. This in turn leads to the decrease in chlorophyll levels
and slows down the primary photochemical processes.
Conclusions
In this study, direct Chl a fluorescence kinetics and the JIP-
tests were used to study the phytotoxic potential of TCA with
respect to two species of trees typical of forests: pines
(Pinus sylvestris L.) and birches (Betula pendula Roth). It
was, for example, shown that the phytotoxic effect of
trichloroacetic acid not only depends on the concentration
but also on the uptake pathway (uptake of TCA via soil/root
pathway or uptake of PER via the air/leaf pathway followed
by metabolisation into TCA) owing to the occurrence of TCA-
induced chemical stress in the pines and birches
investigated. Chronic PER-fumigation in exposure
chambers leads not only to an accumulation of TCA (up to
70µg TCA kg–1 dw needles and leaves respectively) in the
assimilation organs but also to an increase in sensitivity to
other stressors. It turned out that the degree to which the
effects are exacerbated by co-stress caused by drought and
heat, varies depending on the species, leading to
temporarily higher physiological impact on PER-fumigated
birches (PIABS: –58% compared to controls) than on pines
due to their xeromorphic protection systems (PIABS: –36%
compared to controls).
Consequently, as the climate changes (which could for
example result in long, intensive dry periods), in areas with
high anthropogenic and natural PER-pollution there is the
danger of an increase in the stress impact on plants and
negative physiological impacts which can increasingly no
longer be compensated for. The vitality and stability of
vegetation could decline, and biomass growth could be
reduced. In addition, the exacerbation of the phytotoxic risk
caused by TCA must particularly be anticipated in arid and
semiarid landscapes affected by high C2-CHC pollution.
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